ABSTRACT In this paper, a multifunctional reconfigurable polarization conversion metasurface (MRPCM) is designed for controlling both the propagation and the polarization of electromagnetic wave. The proposed metasurface contains two-layered structures separated by the air layer. The top layer is composed of two back-to-back C-shaped metallic resonators, which is used to convert the polarization. The bottom layer is consisted of two orthogonal metal gratings, which works as the patterned ground. The PIN diodes are embedded on both the upper and lower layer of the patterned ground and controlled through two independent sets of external DC bias network to achieve the multi-function. The gratings serve as both the resonant structure and the PIN diode biasing lines. Therefore, no additional feeding lines are introduced, which can decrease the impact on the performance of the MRPCM. When the PIN diodes of the two layers are turned on, the MRPCM will reflect and convert the incident wave into cross-polarization. When the PIN diodes of the two layers are turned off, the dual-polarization incident waves are transmitted through the MRPCM without conversion. If the PIN diodes of the two layers are in different state, the x-(OFF-ON) and y-polarized (ON-OFF) incident waves are transmitted and their E-field are rotated by 90 • , respectively. Both numerical simulations and experimental results show good reconfigurable performance of the MRPCM INDEX TERMS Polarization conversion, metasurface, reconfigurable, reflection, transmission.
I. INTRODUCTION
Magnitude, phase and polarization are the fundamental properties of electromagnetic (EM) wave. Most EM applications are based on the manipulation of these EM properties. Among all the properties of EM wave, the polarization plays an important role and, in no far future, it will be utilized in communication technology to transmit between different devices, in which the control of EM polarization is desirable. Optical gratings, dichroic crystals and birefringence effect are the conventional method to control the polarization state of EM wave, which requires bulky volume and large thickness.
Over the past decade, metamaterials, a kind of artificial material with unnatural properties and performance, have been widely employed to overcome these issues. In particular, metasurfaces, a two-dimensional form of metamaterials,
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exhibit the great advantage in controlling the polarization of EM waves. Many polarization conversion metasurfaces (PCM) for both transmission and reflection, including linear-to-linear (LL) [1] - [3] , linear-to-circular (LC) [4] - [7] , circular-to-circular (CC) [8] , have been studied. Most of these polarization convertors have high efficiency, low losses, broadband and ultrathin thickness. However, these passive convertors tend to implement only one kind of conversions.
More recently, active or reconfigurable metasurface, including the polarization convertors, attracts much more attentions due to its flexibility and versatility. The common method to achieve reconfigurable characteristic is to use active devices, including PIN, varactor diode, MEMS switch, etc. In [9] , a reconfigurable polarization converter based on PIN diode controlled active metasurface was proposed, which can achieve a transmission-type LC polarization conversion at ON-state and without conversion at OFF-state. The PIN diodes are also employed in a double-layered metasurface to achieve a switchable polarizer that can convert the linear wave into right-handed, left-handed polarization or keep its initial polarization state by controlling the state of PIN diodes in different layers [10] . Gao et al. [11] proposed an active metasurface composed of butterfly-shaped embedded with voltage-controlled varactor diodes. By controlling the bias voltage of the varactor diodes, the functionalities can be dynamically switched among LL, LC, and linear-toelliptical polarization conversions in a wideband. By far to these studies, the ability to switch among LL, LC, CC or LE polarization conversions with an active PCM in broadband has been feasible. However, these switchable conversions are carried out in the same transport mode, either transmission or reflection.
In this paper, a multifunctional reconfigurable polarization conversion metasurface (MRPCM) that can control the propagation and conversion mode simultaneously is presented, as illustrated in Fig. 1 . The MRPCM is composed of polarizer and reflector arrays separated by an air layer. The polarizer array is composed of a back-to-back double C-shaped structure, which is used to convert the polarization, and a double-layered metallic grating structure embedded with PIN diodes replaces the metallic sheet as the reflector to control the propagation mode. By controlling the biasing state, the proposed device not only can convert the polarization of the wave but also switch the transport mode of EM waves between transmission and reflection, which revolutionize the previous reconfigurable PCM [9] - [11] . In the reflection mode, all PIN diodes are turned on and the MRPCM corresponds to a linear polarization converter that can rotate a linearly polarized, either x-or y-polarization, wave to its cross-polarized direction in a wideband from 4.62 to 13.56 GHz, with a mean polarization conversion ratio (PCR) of 90%, whereas when the biasing is in the other combinations, the device is switched to a transmission-type. It can select electronically one working state from x-to-y, y-to-x conversion or just transmission without conversion, while the previous transmission-type PCMs switch from x-toy to y-to-x conversion by mechanically rotating the polarizer [12] , [13] , which have slow response. Our device enriches the functionality of reconfigurable PCM with a controllable propagation pattern, which has tremendous application potential in adaptive systems and antenna radomes.
II. UNIT CELL DESIGN AND SIMULATION
With the great capacity to control the polarization of the EM wave, both chiral [13] - [15] and anisotropic structure [16] , [17] are adopted in the polarization convertor. Because of the strong coupling between electric and magnetic fields, the chiral structure can rotate the linear-polarization wave into its cross-polarization or circular-polarization. The problem of the chiral structure is of only operation in a narrow band. The anisotropic structure can independently control the transmission or reflection amplitude (a x and a y ) or phases (ϕ x and ϕ y ) along the x-and y-polarized wave [18] . By tuning the phase difference between the two orthogonal axes ϕ = ϕ x − ϕ y , the anisotropic structure under illumination of a linearly-polarized wave can realize circular polarization ( ϕ = ±π/2) or linear polarization ( ϕ = ±π) conversion. Moreover, several methods, including the multi-layer [19] , [20] and the nested structure [21] , have been reported to extend the working bandwidth. Therefore, the anisotropic structure is modeled in our design.
The geometrical details of the unit cell of the proposed MRPCM are illustrated in Fig. 2 . It consists of two dielectric layers separated by the air layer with the thickness t 2 = 7 mm. The first layer consists of two back-to-back C-shaped patches etched on a dielectric substrate, which is used as a polarizer. Compared to the metal ground plane of a conventional converter, the patterned ground plane in our design consists of a rectangular patch and two parallel gratings. The metallic structure on the upper layer is also orthogonally arranged on the lower layer. F4b with relative permittivity ε r of 2.2 and loss tangent (tanδ) of 0.001 has been used as dielectric substrate in both first layer with a thickness t 1 = 1 mm and t 3 = 0.5 mm, respectively. The other physical parameters of the unit cell are: p = 16 mm, l 1 = 11.2 mm, l 2 = 8.6 mm, l 3 = 7.2 mm, l 4 = 0.8 mm, w 1 = 0.6 mm, w 2 = 3 mm, w 3 = 4 mm, w 4 = 0.4 mm,
To realize the reconfigurable design of the transmission and reflection, the voltage controlled PIN diode SMP 1302 in SC-79 package from SKYWORKS are integrated between the rectangular patch and grating on the upper and lower surface of patterned ground, as shown in the Fig. 2 (b) and (c). Therefore, the parallel gratings are not only the constitution of the patterned ground but also the biasing line of the PIN diodes. The PIN diodes of one unit cell are in parallel connection with the others, so that the working state of each unit will not affect each other. In addition, there is no need to add the special feeder lines compared to the traditional active metasurface, which can avoid the negative influence caused by the feeder lines. The equivalent circuit of the PIN diode at ON-state and OFF-state are shown in Fig. 3 . The specific equivalent parameters are as follows: R OFF = 3000 , C OFF = 0.3 pF, C OFF = 0.3 pF, R ON = 3 , and L CHIP = 1.5 nH, which is sought from the data sheet [22] . In our design, the PIN diodes of the upper and lower layer are controlled by the independent direct current (DC) power supply. Therefore, by controlling the upper and lower biasing state, four different combinations can be obtained and four different functions can be realized.
A. PATTERNED GROUND
Equivalent circuit method (ECM) is a common and effective method to analyze metasurface, which provides deeper insight into the physical principle [23] , [24] . Beside, a quick circuit-level optimization can be fed back to the geometric structure. Based on the ECM proposed in [25] , for the x-polarized incidence, the gap between adjacent the inner strips can be modeled as C u1i (i = 1, 2) and L u1i (i = 1, 2) and L u2 are equivalent inductance of the parallel gratings and inner strip, respectively, so that the whole upper layer structure can be equivalent to a series resonant circuit of C u11 L u2 C u12 in parallel with two inductors L u11 and L u12 , as shown in Fig. 2(b) . The equivalent components of the structure orthogonally arranged on the bottom layer are illustrated in Fig. 2(c) , where C bij (i = 1, 2 and j = 1, 2) represents the gap capacitances between the parallel gratings and inner strip and L b1i (i = 1, 2) and L b2 denote the equivalent inductance of the parallel gratings and inner strip in orthogonal direction comparing with upper layer. In order to fully simulate the performance, the coupling between the inner rectangle patch of upper and lower layer are modeled by the coupling capacitance C c . Besides, the dielectric layer is considered as a short section of transmission line model (Z T , h), whose characteristic impedance Z T = Z 0 / √ ε r , where Z 0 = 377 is the characteristic impedance in free space and ε r is the relative permittivity of the substrate, and h is the substrate thickness. For the convenience of calculation, the transmission line model is finally converted to a series inductor L TL and shunt capacitor C LT based on the Telegrapher's equations [26] L TL = µ 0 µ r h
(1)
where ε 0 = 8.85 × 10 −12 F/m and µ 0 = 4π × 10 −7 H /m are the permittivity constant and permeability of the air (free-space), and µ r denotes the relative permeability of the substrate. According to the series and parallel circuit rules and the structural symmetry, the parameters of equivalent circuits have the following relations:
, and C b2 = 2C b21 = 2C b22 . In the case that only firstorder approximation is considered, the equivalent inductance and capacitance can be calculated by the following equations [27] :
where ε eff is the effective dielectric constant of the substrate, p is the period, and w, l, and g are the corresponding geometric parameter in the structure. The effective dielectric constant of the substrate can be calculated as follow:
The coupling capacitance C C is estimated by the planar plate capacitor:
where A is the overlapping area of the two inner rectangle patches and d is the distance between two metallic plates, which is the second substrate thickness t 3 . Based on the equation (3) and (4), the equivalent inductance is related to the periodicity p and wire width w, while the equivalent capacitance is associated with side length l and separation width g, so that the wire inductance (L b1i ) of the parallel gratings on the lower layer is small enough to be ignored. It should be mentioned that only the PIN diode along the polarized incidence is incorporated in the equivalent circuit. Therefore, the equivalent circuit of the MRPCM under normal incidence at OFF-state and ON-state can be simplified as shown in fig. 4 , respectively. From the equivalent circuit, the propagation of the x-polarization is controlled by the lower layer of the pattern ground, and the upper surface corresponds to the y-polarized wave.
Then, the multifunctional performances of patterned ground are carried out by the full-wave software, HFSS, and the circuit simulation software, Advanced Design System. In order to facilitate the understanding, we define r yy = |E yr /E yi | and r xy = |E xr /E yi | to represent the co-polarization reflection of y-to-y and the cross-polarization reflection of y-to-x polarization conversions. The similar definitions are also applied to transmission coefficients, such as t yy = |E yt /E yi | and t xy = |E xt /E yi |. The simulation results and the conclusion of the functions with different biasing combinations are illustrated in Fig. 5 and listed in Table 1 .
When PIN diodes of the upper and low layer are all working in ON-state, the patterned ground is equivalent to a metallic plate from 4 GHz to 14 GHz, while it works in a transparent mode allowing the dual-polarization to pass through with the OFF-state of the PIN diodes. In Fig. 5(c) and (d) , it shows that only x-polarization (ON-OFF) or y-polarization (OFF-ON) could transmit the patterned ground with −0.2 dB transmission loss at 9.7 GHz. Indicating that, when the PIN diodes on the upper or lower layer are working in the opposite states, it has polarization selectivity function.
B. RECONGURABLE POLARIZATION CONVERSION
To understand the underlying physical mechanisms of the polarization conversion, the u-and v-axis are defined to analyze the anisotropic structure by rotating the x and y axes counterclockwise by 45 • , as shown in Fig. 2 (a) . In this case, suppose the normally impinging plane wave is a linear EM wave in x-polarization. The incident EM wave can always be decomposed into orthogonal directions v-and u-direction. The incident and reflected wave can be expressed as
where r v and r u are the reflection coefficients and θ rv and θ ru are the reflection phase along the u-and v-axis, respectively. Based on the schematic diagram, there are two conditions to realize the polarization conversion. One is that the reflection coefficients of u-and v-direction are approximately equal. Another one is that phase difference ( ϕ uv ) between r v and r u should be around ±180 • . In other words, the rectangle loop could produce ''symmetrical'' and ''anti-symmetrical'' reflections along the u-and v-axis, respectively. The reflection magnitude of the r v and r u and the phase difference are obtained with the u-polarized and v-polarized incident EM waves, respectively. It can be seen that the simulated results are consistent with the above theoretical analysis shown in Fig. 6 . The reflection magnitudes of the two curves are both around −0.1 dB. Furthermore, the phase difference between r v and r u is roughly ±180 • from 4 GHz to 14 GHz, implying VOLUME 7, 2019 FIGURE 8. PCR for reflection mode under oblique incidence.
the performance of polarization conversion in the wide frequency band. In our design, taking the OFF-ON biasing as an example, for the patterned ground, the x-polarized waves are blocked while the y-polarized waves can pass through. Thus, the ground plane and the upper polarizer form a resonator and operate on the x-polarized waves. Due to the magnetic resonance and electric resonance [1] , the x-polarization is converted into y-polarization and transmitted through the structure. Due to the four functions of the patterned ground, the reconfigurable convertor also has four different states. The simulated results of the four states are shown in Fig. 7 . As illustrated in Fig. 7(a) , the convertor is working in reflection-type with all PIN diodes in ON state, just as the patterned ground. The cross-polarized reflection coefficient, either r yx or r xy , is higher than −1 dB in the frequency range from 4.62 to 13.56 GHz, whereas the co-polarized reflection r xx and r yy is lower than −10 dB in this frequency range. In other biasing combinations, the reconfigurable convertor works in transmission mode. When the PIN diodes of the upper and lower layer are switched off, the transparent behaviors for dual-polarization of the proposed structure are displayed clearly around the frequency band centered at 9.7 GHz with the loss less than 0.5 dB and no conversion happens, whereas the transmission wave is converted from the x-polarization to the y-polarization in the OFF-ON biasing, and the reverse conversion occurs in the ON-OFF biasing.
To further investigate the performance of MRPCM, the PCR of reflection mode under oblique incidence is calculated. The PCR is defined as
The calculated results are shown in Fig. 8 . From the figure, 98.2% of the relative of the PCR is greater than 0.9. With the increase of the incidence angle, the PCR is deteriorated greatly in the high frequency band, but maintained certain stability in the low frequency band. To clarify the conversion capability and transmission mode of the reconfigurable convertor over the incident EM waves for different polarizations at four working states, the direction and distributions of the E-field at four biasing combinations for different polarizations are compared in Fig. 9 , where the field strength is represented by different colors. Among them, the incident 
III. EXPERIMENTAL RESULTS AND DISCUSSION
To validate the functions of the reconfigurable convertor, a prototype of the proposed structure with 16 × 16 unit cells has been manufactured using printed circuit board technology and measured, as shown in Fig. 10 . The nylon columns with 6 mm height are sandwiched between the polarizer layer and the patterned ground and distributed around the sample to ensure uniform air layer thickness shown in Fig. 10(a) . Since the PIN diode operation needs to provide DC bias, two biasing lines are presented at both ends of each layer of the patterned ground plane as shown in Fig. 10(b) and (c). Gratings of each layer present in the odd rows are connected to the positive biasing line, whereas the negative biasing line is attached with the gratings in the even rows. The diodes connected to the square loops are in outward direction for one row, while in inward direction for the next row. Therefore, the current flows in the opposite direction through the PIN diodes on both sides of the each negative grating, as observed by brown dotted lines from Fig. 10(c) . Inductances are inserted between the biasing lines and each grating ends to stop the altering current prevent alternating current from flowing through the biasing lines. The inductance has the value of 10 and 27 nH, which can provide the required isolation in the working band of our design. Due to the supporting nylon columns and biasing lines, the final size of the fabricated sample is 320 mm × 320 mm. The reflection and transmission coefficients are measured. A pair of horn antennas (1-18 GHz), connected by an Agilent N5245A vector network analyzer, are used to transmit and receive the EM signal. In the reflection measurement setup, two antennas are placed side by side on the same side, whereas two antennas are placed on both sides of the sample, in the transmission measurement, as shown in Fig. 11 . The time domain gating technique is used in the measurement to decrease the diffraction phenomenon and couple between the two antennas. The measurement is divided into three steps. Firstly, the transmitting and receiving antenna are placed in the same polarization to record the co-polarized reflection and transmission curve. Secondly, the position of the two antennas is kept and only the receiving antenna is rotated by 90 • to obtain the cross-polarized coefficient. Then, a plate of the same size as the sample and brackets without the metasurface are measured as references for the reflection method and the transmission method, respectively. Consequently, the calibrated reflection and transmission coefficient are carried out by subtracting the references.
The reflection and transmission of the fabricated sample in different biasing states under normal incidence have been compared with the simulated responses as shown in Fig. 12 . In the ON-ON state, the dual-polarization are reflected and converted into its cross-polarization from 4.62 to 13.56 GHz, whereas the dual-polarization are transmitted without conversion in the OFF-OFF state at 10 GHz. In the OFF-ON and the ON-OFF state, the transmission and the conversions are performed simultaneously for the x-and the y-polarized wave, respectively. The discrepancy between the two results can be attributed to fabrication error of the surface, air layer thickness inhomogeneity and the difference between the simulation and measurement of the PIN diodes.
IV. CONCLUSION
A reconfigurable metasurface has been designed to control the propagation and polarization of the EM wave. The proposed structure consists of a back-to-back C-shaped polarizer and a two-layered patterned ground loaded with PIN diodes. By controlling the biasing, it can switch its function among the reflection-type convertor, the transmission-type convertor and the transparent structure. The designed prototype is fabricated and measured by the reflection and the transmission methods to verify the proposed multifunction. It has been found that the experimental results are quite consistent with those of the simulations. The multifunctional reconfigurable metasurface could be a potential candidate for smart skin and radome.
